We demonstrate a new type of Kerr frequency comb with expanded parametric range, where the momentum conservation is ensured by azimuthal modulation of the cavity dispersion. A coherent multispectral is observed and characterized.
Optical frequency combs, with precisely controlled spectral lines spanning a broad range, have made great impacts on frequency metrology, optical clockwork, precision navigation, and molecular fingerprinting. In addition to the standard implementation based on mode-locked lasers, optical frequency combs based on parametric oscillations in ultrahigh-Q microresonators have become invaluable in applications requiring compact footprint, low power consumption, large comb spacing, and access to nonconventional spectral regions [1] .
In the general case of parametric process, the azimuthal mode numbers (N) of the signal and idler are symmetrically located with respect to the pump mode ( 0), and thus it requires either an intricate balance between the anomalous group velocity dispersion (GVD) and the nonlinear mode pulling effect, or a careful design of the GVD spectral profile, taking into account higher-order dispersions [12] , to satisfy both energy conservation law and momentum conservation law. Here we examine a distinctly different method to fulfill the phase matching condition
Here we consider the case in which the azimuthal mode numbers of the signal and idler are not symmetrically located with respect to the pump mode when the resonator exhibits only a normal GVD and no higher-order dispersions (Figure 1a) . Away from the pump mode, the free spectral ranges (FSRs) on the signal and idler sides monotonically decrease and increase by per mode, respectively. The mismatch between the signal-pump and pump-idler detuning increases as a quadratic function of the azimuthal mode number, eventually approaching the FSR of the (N+1) th signal mode at , i.e.,
. Consequently, the energy conservation law of N+1 + N 0 = 0 is satisfied. On the other hand, the asymmetry in the signal and idler mode numbers renders the momentum conservation law violated unless an azimuthal modulation of the cavity parameters is introduced to provide an additional wavevector for quasi-phase matching (QPM) [2] . The spontaneous pattern formation mediated by a periodic modulation of system parameters is mathematically equivalent to formation of Faraday ripples, which was first observed in hydrodynamics [3] . Our use of a Si3N4 planar microresonator has the advantage of straightforward dispersion management by the design of waveguide geometry (inset of Figure 1b) , opening up the possibility of implementing the QPM concept via dispersion modulation along the cavity. we can analytically evaluate the gain of Faraday ripples as a function of the sideband frequency and intra-cavity pump power ( Figure 1c ). Furthermore, the gain peak sideband frequency can be expressed analytically as , where is the pump-resonance detuning, is the nonlinear coefficient, is the cavity length, is the intra-cavity pump power and is the path-averaged GVD along the cavity. Under the mean field and good cavity approximations [4], the derivation can be reduced to Figure 2b shows the mismatch between the signal-pump and pump-idler detuning, N + N 0, as well as the FSR as a function of the azimuthal mode number. The crossing between the mismatch and the FSR denotes the region in which the first quasi-phase matched Kerr frequency comb sidebands are expected to emerge. For the pump wavelength of 1600 nm, the numerical calculation predicts the sideband mode number N = 480, while the experimentally measured sidebands are clustered around N = 570 (red star). On the other hand, if dispersion orders higher than TOD are not considered in the numerical calculation, the obtained sideband mode number is N = 590 (red dashed line of Figure 2 ) and a better agreement with the experimental sideband mode number is obtained. Thus, we attribute this discrepancy to the uncertainty of dispersion orders higher than TOD in the numerical simulation.
By pumping the microresonator harder with an on-chip pump power of 30 dBm, subsequent non-degenerate fourwave mixing (FWM) occurs and three Kerr frequency combs are formed, with center wavelengths of 1304 nm, 1580 nm, and 2002 nm (Figure 3) . Merging of the three Kerr frequency combs is not yet observed, but is expected to occur with a further increase in the on-chip pump power. With its optical power concentrated on the two spectral edges, the merged broadband Kerr frequency comb is expected to be advantageous for reducing the complexity of the microresonator self-referencing scheme [5] . Importantly, each segment of the multispectral Kerr frequency comb covers an important telecommunication band, including the traditional O and C/L bands, as well as the emerging 2-is compatible with group IV photonics [6] . Both the O band and the C/L band Kerr frequency combs span more than 8
THz owing to the aberration in the near infrared (NIR) coupling optics. The comb span is defined as the bandwidth in which the comb power remains higher than the OSA noise By heterodyne beat measurement, the comb coherence as well as the absence of comb breathing and a sub-comb offset is also confirmed. In summary, we examine and demonstrate the first quasi-phase matched Kerr frequency comb, where the momentum conservation is satisfied by dispersion modulation of the high-Q microresonator. The concept expands the parametric range in which a Kerr frequency comb is obtained. Our use of a Si3N4 planar microresonator has the advantage of straightforward dispersion management by the tapered design of waveguide geometry. We demonstrate that the multispectral Kerr frequency comb covers important telecommunication bands, including the traditional O and C/L bands as well as the emerging 2-compatible with group IV photonics. Comb coherence and absence of sub-comb offset is confirmed as well. multispectral quasiphase matched Kerr frequency comb is a promising platform for broadband optical frequency synthesizer and high-capacity coherent telecommunication. References 
